Abstract -The assumption that a voltage sag is rectangular, no longer holds in a system with large induction motor loads. The motors decelerate during the short circuit. After fault-clearing they will accelerate again, drawing a high reactive current from the supply, causing a prolonged post-fault voltage sag. This is aggreviated by the removal of branches by the protection. 
I. INTRODUCTION.
Short-duration voltage sags due to short circuits are recognized as an important power quality problem. Especially electronic equipment like computers, adjustable-speed drives and process-control systems are extremely sensitive. Despite this recognition, not much work has been published on the shape of voltage sags, nor on their stochastic assessment.
A simple method for assessing the number of sags experienced by a customer, is presented in [I] . This method will become part of the IEEE Recommended Practice for the Design of Reliable Industrial and Commercial Power Systems [2] . A detailed stochastical method for including interruptions due to voltage sags in the reliability analysis of power systems, is presented in 131.
Calculation of depth and duration of a sag is in both methods based on two simple assumptions:
i. due to the short circuit the voltage drops to a low value immediately; ii. when the fault is cleared, the voltage recovers immediately.
These assumptions, however, no longer hold in case of a substantial part of the load consisting of electrical motors (like in many industrial power systems). During the short circuit the motors will slow down. Their reacceleration after the fault will increase the load current and thus prolong the voltage sag.
Several authors mention the influence of voltage sags on motor behaviour or voltage sags due to motor starting, but not the influence of motors on voltage sags due to short circuits. El-Sadez [4] shows that certain combinations of motor parameters and fault-clearing time, can lead to a situation in which the voltage does not recover any more. This could be considered as a prolonged voltage sag. Te occuranec of these situations is however quite rare. The stable situation, in which the voltage recovers slowly, is of more importance. This paper will discuss some of the aspects of the influence of induction motors on voltage sags. The shape of the voltage sags will be discussed in Section II for a few fault positions in an example system. A more complex system is presented in [6] .ln Section Ill some stochastic properties of voltage sags as experienced by the plants in the example system, are presented.
A simple induction motor model has been incorporated in the reliability analysis method presented in [3] . This model is discussed in Section IV and used in Section V to compare the expected number of sags in a few alternatives for the supply to two plants.
SHAPE OF THE VOLTAGE SAG.
To show the influence of induction motors on the shape and the duration of voltage sags, the behaviour of the industrial distribution system shown in Fig. 1 has been simulated for the short circuit positions indicated. Four of them will be discussed in detail below: Fig. 1) . Since the impedance of the cables has been neglected, both plants will show the same during-fault behaviour. The induction machines temporary operate as generators, causing a non-zero during-fault voltage. After the fault, plant B will be supplied through one transformer and plant A through two. Because of this the post-fault voltage at plant B is lower than that at plant A. For the same reason it will take longer for the motor in plant B to reach its stable speed. We see from Fig. 3 that the maximum slip is reached more than 100 milliseconds after fault clearing. It simply takes that long before the power system is able to supply more power to the machine than the pre-fault value. For plant B (fed through one transformer) this takes longer than for plant A (fed through two transformers). Fig, 4 shows voltage during and after a short circuit on the low-voltage side of a 30/10 kV transformer (position 2). During the fault, plant A experiences a considerably less reduction in voltage than plant B. (As cable impedance has been neglected, the plant voltage for plant B is zero.) This causes the motor in plant A to slow down less than the one in plant B. After the fault, the current drawn by plant A will be less than in situation 1 , which significantly reduces the sag for plant A and slightly reduces it for plant B. In general, a customer (an industrial plant in this case) will not be interested in the shape of the individual voltage sags. What is of interest is whether the plant will experience an interruption (IPO = Interruption of Plant Operation) or not. The relationship between the voltage sag shape and an IPO is still an unknown area. I here simply assume that sensitivity is related to depth and duration of a sag; e.g. an IPO will occur if the voltage is below 85% for 500 ms or more. Based on this assumption, it seems appropriate to calculate the probabilities that the sag exceeds certain depths and durations.
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The failure rates assumed for each of the fault positions indicated in Fig. 1 Table 4 shows the expected number of sags in case the impedance of the 30/10 kV transformers is reduced from 11 Yo to 8%. (This has the same effect as increasing the transformer size from 25 MVA to 35 MVA.) The lower impedance will reduce the voltage drop due to the inrush current (thus reducing the depth of the sag), which enables the motors to take in more power from the supply. This results in a shorter post-fault sag.
IV. THE MOTOR MODEL FOR STOCHASTIC ANALYSIS OF VOLTAGE SAGS.
The way in which the stochastic voltage sag tables have been calculated in the previous section is rather time-consuming, especially for larger systems. Another restriction is that only first order events have been taken into account. Higher order effects like a short circuit during maintenance somewhere in the system or failure of the protection, might strongly influence the number of deep sags, as well as the number of sustained interruptions.
In a previous paper [3] the author presents a method for including interruptions due to voltage sags in the reliability analysis of power systems. It could equally be considered as a method for stochastic analysis of voltage sags.
The method, implemented in a computer program, consists of: -a Monte Carlo simulation to generate stochastic times -an electric circuit to calculate load node voltages due -a maximum-permissable voltage sag for each load of occurrence for events like a short circuit; to these events; node, which is used as the interruption criterion. induction motor model. The influence of the induction motor loads on the shape of the voltage sags is taken into account now. The voltage sag is no longer assumed to be rectangular.
The motor model used is described in Section 1V.A. As thousands of voltage sags have to be calculated for each simulation, this motor model necessarily had to be a simple one. The way in which the event-based MonteCarlo simulation has been adapted to be able to handle the motor model, is discussed in Section 1V.B. Section V presents some results of simulations performed with the updated program. In order to emphasize the motor model, all stochastic effects have been removed from the simulation. There is no restriction on taking stochastic effects (ageing, failure of the protection, maintenance) into account, but at this place it could easily blur the essential part (i.e. the motor behaviour).
1V.A. The induction motor equations.
The induction motor load is described through the following parameters:
* impedance in nominal load z,= IZ,I{cos@,+bin@,} * pull-out slip sk * load factor M, * mechanical time constant t , * run-up torque TA The nominal power factor CO@, is assumed to be the maximum value of the power factor. The leakage factor U can thus be found from: The stochastic analysis method used is an event-based Monte Carlo simulation. The system is only observed at discrete times (e.g. fault initiation, fault clearing, repair of faulted component). In between the events, it is assumed nothing happens. This is in accordance with the two assumptions mentioned in the introduction, but no longer acceptable in case the motor model has to be implemented.
Originally, at each event instant the voltages at the load nodes Vbad were calculated from the voltages at the generator nodes Vgen, through the following equation [3] :
A change in any of the branch impedances leads to changes in the impedance matrices This is calculated by means of a Kron reduction. This Kron reduction turned out to be the main consumer of computer time during the simulation. and In the new version, the voltage calculation is more complicated. When an event occurs in the simulation, the slip is calculated as a function of time, for the interval between the previous event and the current event. As events can be years apart in a reliability study, the calculation is stopped when the slip no longer significantly changes. For many events this happens within a few seconds. For some events (e.g. fault clearing, the previous event is fault initiation) the slip does not settle down in the limited time between the two events.
The slip is calculated from (4) by using the improved Euler method (sometimes referred to as second-order Runga-Kutta method). The voltage in (4b) is calculated from (5) with the load impedance calculated from (3) . The slip is calculated every millisecond. To save calculation time, the load impedance is only calculated once every 50 milliseconds. Only if its value differs more than 5% from the previous value, the impedance matrix is adjusted and a new load node voltage is calculated.
v. EXAMPLE: INFLUENCE OF MOTOR PARAMETERS.
The influence of motor parameters on the number of IPO's has been studied for the redundant supply to two large industrial plants, as shown in Fig. 1 : 0.01 -0.15;
The dots in Fig. 1 indicate the short circuits that have been taken into account in the study. By using the above-described motor model it has been determined how many of these 14 short circuits would lead to an IPO for plant A. The following interruption criterion has been used: the voltage should be back at 70% within 1 second and back at 90% within 1.5 second after the start of the voltage sag. Note that we are no longer restricted to rectangular sensitivity curves. As already mentioned in [3], any shape for the maximum-permissable sag can be taken into account.
The simulation has been repeated for different values of the pull-out torque and the mechanical time constant. The results are represented in Table 5 . It is important to note that the mechanical time constant is used to quantify the motor's inertia (the mechanical time constant is twice the inertia constant). In the area with the dots, only the short circuit at the plant bus will lead to an IPO.
The voltage sags have no influence on the reliability. The number three indicates that a short circuit at one of the 30 kV busses will also lead to an IPO. This actually implies that it is of no use to install differential protection on the 30 kV busses. In the area shown bold, even short circuits in the transformer connections lead to IPOs. The connections are no longer redundant in such a case. Another system configuration should be considered, or the voltage sag withstand of the plants should be increased.
The load modelled in Section II and Ill, with t,=5s and s,=lO% turns out to lead to a reliable supply. from a cable connection between the two plant buses. Although transformers of a higher power rating are needed, this structure will probably still be less expensive than the one in Fig. 1 . But unfortunately the voltage sags have a stronger influence on the reliability, as shown in Table 6 . Only for low mechanical time constant and large pull-out torque, will the system be insensitive to voltage sags.
In order to reduce the influence of voltage sags, two measures have been compared:
-reducing the fault-clearing time to 100 milliseconds;
-installing 30/10 kV transformers with a short circuit
The consequences for the number of interruptions are shown in Table 7 and Table 8 , respectively. Especially reducing the short circuit voltage considerably increases the reliability.
impedance of only 10%. We have seen in this paper how the deceleration and acceleration of motors influences duration and shape of voltage sags. The assumption of a rectangular sag no longer holds in case of large induction motor loads. During the fault the voltage is increased by these loads, while the post-fault voltage is temporarily decreased.
A new problem which becomes evident now is the definition of the voltage-sag shape. Previously a voltage sag was defined through its depth and its duration. As the sag was assumed to be rectangular this was sufficient information. Taking motor behaviour into account will make it no longer possible to define a sag simply by its duration and magnitude. This will also make it harder to compare sags with voltage withstand curves.
